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Description 



The present invention relates to a magnetoresist- 
ance effect element using a magnetic material obtained 
by dispersing magnetic metal particles in a semicon- 
ductor matrix. 

A magnetoresistance effect is a phenomenon in 
which a certain type of magnetic material has an elec- 
tric resistance changed by applying a magnetic field to 
the magnetic material. This phenomenon is used for a 
magnetic field sensor, a magnetic head, or the like. For 
example, a magnetoresistance effect element using a 
ferromagnetic material advantageously has excellent 
thermal stability and can be used in a large temperature 
range. 

Conventionally, although a thin film of a permalloy 
or the like is used for a magnetoresistance effect ele- 
ment using a magnetic material, the permalloy thin film 
has a small magnetoresistance ratio of about 2% to 3%. 
For this reason, this magnetoresistance effect element 
cannot obtain a sufficient sensitivity. 

In recent years, as a new material exhibiting a mag- 
netoresistance effect, an artificial lattice film having the 
following multilayered structure attracts attention 
because of its giant-magnetoresistance effect. That is, 
magnetic layers and non-magnetic metal layers are 
alternately stacked on each other at a period of several- 
angstrom to several-ten-angstrom order, and magnetic 
layers opposing each other through a non-magnetic 
metal layer are magnetically coupled to each other in a 
state wherein the magnetic moments of the magnetic 
layers are anti-parallel to each other. For example, an 
artificial lattice film (Phys. Rev. Lett. 61, 2472 (1988)) of 
(Fe/Cr) n , an artificial lattice film (J. Mag. Mag. Mat. 94 
L1 (1991), Phys. Rev. Lett. 66, 2125 (1991)) of 
(Co/Cu) n , and the like have been found out. 

Such an artificial lattice film exhibits a magnetore- 
sistance ratio of several ten% which is considerably 
higher than that of a conventional permalloy thin film. 
Such a giant-magnetoresistance effect is caused by 
scattering of electrons depending on the spin direction 
of the magnetic layer. 

However, such an artificial lattice film has following 
problems. That is, the number of layers of the film must 
be large to obtain a large magnetoresistance effect, and 
the artificial lattice film cannot be directly applied to a 
magnetic head or the like because the film has a large 
saturation magnetic field (magnetic field in which a 
resistance is saturated), i.e., several teslas (T) or more. 

In order to decrease a saturation magnetic field, a 
so-called spin valve film having a multilayered film hav- 
ing a sandwich structure constituted by ferromag- 
netic/non-magnetic/ferromagnetic layers is developed. 
In this spin valve film, an exchange bias is applied to 
one ferromagnetic layer to fix its magnetization, and an 
external magnetic field is applied to the other ferromag- 
netic layer to reverse its magnetization, thereby chang- 
ing the relative angle between the magnetization 
directions of the two ferromagnetic layers. 



However, the magnetoresistance ratio of the spin 
valve film is not relatively large, i.e., about 3% to 4%, 
and the resistance of the multilayered film itself is low' 
i.e., several 10 £>cm. For this reason, disadvanta- 
5 geously, a relatively large current must flow to detect the 
external magnetic field. 

In addition, recently, it has be found that a so-called 
granular magnetic film in which, unlike the artificial lat- 
tice film described above, magnetic ultra-fine particles 
10 are dispersed in a non-magnetic metal matrix has a 
giant-magnetoresistance effect (for example Phys Rev 
Lett. 68 3745 (1992)). 

In such a granular magnetic film in the zero mag- 
netic field, the spins of magnetic ultra-fine particles are 
is spun in irregular directions due to the characteristics of 
the magnetic ultra-fine particles, and the granular mag- 
netic film has a high resistance. When a magnetic field 
is applied to the granular magnetic film to align the spins 
of the magnetic ultra-fine particles in the direction of the 
20 magnetic field, the resistance of the granular magnetic 
film decreases. As a result, the granular magnetic film 
exhibits a magnetoresistance effect based on spin 
dependent scattering. 

Such a granular magnetic film obtained by dispers- 
es mg magnetic ultra-fine particles in a non-magnetic 
metal matrix is manufactured easier than an artificial lat- 
tice film, and obtain a high magnetoresistance ratio of 
about 20% at room temperature. In addition, since each 
ultra-fine particle has a particle size of about several nm 
so and a single magnetic domain, the hysteresis of a mag- 
netoresistance curve is small, low noise is expected 
when the granular magnetic film is used as a magne- 
toresistance effect element. 

In the conventional granular magnetic film 
35 described above, when the particle size of each mag- 
netic ultra-fine particle is relatively large, irregular spin 
alignment cannot be easily obtained due to ferromag- 
netic coupling between the particles. This granular mag- 
netic film has small magnetoresistance effect and is not 
40 preferably used as a magnetoresistance effect element. 
Therefore, the particle size of each magnetic ultra-fine 
particle is decreased to about several nm. However, 
since the ultra-fine particles are dispersed described 
above, a saturated magnetic field is large in its nature, 
45 and a large magnetic field of several teslas (T) or more 
must be essentially applied to the granular magnetic 
film to obtain a large magnetoresistance effect. This 
poses a problem in practice. 

It is an object of the present invention to provide a 
so magnetoresistance effect element having small hystere- 
sis, a small saturated magnetic field, and a high magne- 
toresistance ratio. 

According to an aspect of the present invention, 
there is provided a magnetoresistance effect element 
55 comprising a magnetic body in which magnetic metal 
particles containing at least one magnetic element 
selected from the group consisting of Fe, Co, and Ni are 
dispersed in a semiconductor matrix. 
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According to another aspect of the present inven- 
tion, there is provided a magnetoresistance effect ele- 
ment comprising a multilayered film having at least one 
magnetic layer in which magnetic metal particles con- 
taining at least one magnetic element selected from the 5 
group consisting of Fe, Co, and Ni are dispersed in a 
semiconductor matrix, and at least one non-magnetic 
layer. 

According to still another aspect of the present 
invention, there is provided a magnetoresistance effect to 
element comprising a multilayered film having at least 
one first magnetic layer in which magnetic metal parti- 
cles containing at least one magnetic element selected 
from the group consisting of Fe, Co, and Ni are dis- 
persed in a semiconductor matrix, and at least one sec- is 
ond magnetic layer containing at least one magnetic 
element selected from the group consisting of Fe, Co, 
and Ni. 

According to still another aspect of the present 
invention, there is provided a magnetoresistance effect 20 
element comprising a multilayered film having a first 
magnetic layer in which magnetic metal particles con- 
taining at least one selected from the group consisting 
of Fe, Co, and Ni are dispersed in a semiconductor 
matrix, and a second magnetic layer having magnetism 25 
softer than that of the first magnetic layer. 

This invention can be more fully understood from 
the following detailed description when taken in con- 
junction with the accompanying drawings, in which: 

30 

FIG. 1 shows the energy levels of adjacent mag- 
netic metal fine particles and a semiconductor 
matrix therebetween, and is a view for explaining 
the principle of the present invention; 
FIGS. 2A and 2B are sectional views typically 35 
showing a magnetic material having a structure 
obtained by dispersing magnetic metal particles in 
a semiconductor matrix in a magnetoresistance 
effect element according to the present invention; 
FIG. 3 is a sectional view showing a magnetoresist- 40 
ance effect element according to an embodiment of 
the present invention; 

FIG. 4 is a sectional view showing a magnetoresist- 
ance effect element according to another embodi- 
ment of the present invention; 45 
FIG. 5 is a sectional view showing a magnetoresist- 
ance effect element according to still another 
embodiment of the present invention; 
FIG. 6 is a sectional view showing another example 
of the magnetoresistance effect element of the so 
embodiment shown in FIG. 5; 
FIG. 7 is a sectional view showing still another 
example of the magnetoresistance effect element 
of the embodiment shown in FIG. 5; 
FIG. 8 is a graph showing a change in electric ss 
resistance ol the magnetic material according to 
Example 1 of the present invention as a function of 
temperature; 



FIG. 9 is a graph showing a magnetoresistance 
effect, curve of the magnetic material according to 
Example 1 of the present invention; and 
FIG. 10 is a sectional view showing a magnetore- 
sistance effect element according to the present 
invention in the state of practical use. 

In a conventional granular magnetic film having a 
structure obtained by dispersing magnetic metal parti- 
cles in a non-magnetic noble metal matrix, a saturated 
magnetic field is large mainly because the magnetic 
metal particles exhibit superparamagnetism due to the 
magnetic metal particles each having a small particle 
size of several nm. When the size of the magnetic metal 
particle is increased to a size which does not cause 
superparamagnetism, the saturated magnetic field 
becomes small, in this case, since the ferromagnetic 
coupling between the magnetic metal particles is 
enhanced, the spin directions of the magnetic metal 
particles are made uniform in a zero magnetic field. For 
this reason, even if a magnetic field is applied, the spin 
directions does not frequently change. As a result, a 
large magnetoresistance effect cannot be obtained. 

The present inventors has found the following phe- 
nomenon. That is, when a semiconductor was used as 
a matrix, since an antiferromagnetic coupling effects 
always act between the magnetic metal particles, the 
spins of the magnetic metal particles are irregularly 
spun in a zero magnetic field, and the strength of the 
magnetic coupling is smaller than that of the magnetic 
coupling obtained by using a metal matrix. 

When the magnetic metal particles are dispersed in 
the semiconductor matrix, conduction electrons from a 
metal flow in the semiconductor by the tunnel effect 
because a semiconductor generally has a potential 
higher than that of a metal. Energy levels obtained at 
this time are shown in FIG. 1. Referring to FIG. 1, the 
base energy of the conduction band of the metal is set 
to be 0, and the height of the potential of the semicon- 
ductor is represented by U. When a voltage V is applied 
to a sample, a potential difference of eV is generated 
between metal particles, and conduction electrons flow 
from one metal to the other metal through the semicon- 
ductor by the tunnel effect. The manner at this time is 
shown in FIG. 1 using a ¥ k (k: wave vector). 

When the polarizability of the magnetic particle is 
represented by P; and the angle between the directions 
(arrow in FIG. 1) of magnetization of two magnetic par- 
ticles, 9, a conductance G is given by the following 
equation (J. C. Sionczewski, Phys. Rev. B39, 6995 
(1989)). 



G = G 0 (1 + P 2 cos 6) 

According to this equation, the conductances G 
have a large difference when 6 = 0 and 0 = 71 . More 
specifically, when the angle 6 is changed by an external 
magnetic field, the conductance or resistance can be 
changed. This is the magnetoresistance effect of a sys- 
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tern constituted by magnetic metal particles and a sem- 
iconductor matrix. 

A tunnel current is generally small. For this reason, 
in a system obtained by dispersing magnetic metal par- 
ticles in a semiconductor matrix, antrferromagnetic cou- 
pling having low coupling strength acts between the 
magnetic metal particles. Therefore, this system essen- 
tially has a saturated magnetic field smaller than that of 
a conventional granular system obtained by dispersing 
magnetic metal particles in a noble metal matrix. In 
addition, the size of the magnetic particle can be larger 
than that of a magnetic particle in a superparamagnet- 
ism area. For this reason, the saturated magnetic field 
decreases. 

More specif ically, since the semiconductor matrix is 
used, the following effects can be obtained. 



(1) Even if the size of a magnetic metal particle is 
larger than that of a ultra-fine particle, irregular spin 
alignment can be realized in a zero magnetic field, 
and spin directions can be uniformed by applying a 
magnetic field. For this reason, an electric resist- 
ance can be decreased in the relatively large level 
by applying a magnetic field, and a relatively large 
magnetoresistance effect can be obtained. 

(2) In this case, since the magnetic coupling 
between the magnetic metal particles has a low 
coupling strength as descried above, a saturated 
magnetic field can be decreased, and a magnetore- 
sistance effect can be generated by a small mag- 
netic field. As a result, a magnetoresistance effect 
element having a high sensitivity can be realized. 

Since the magnetoresistance effect element 
obtained by using the semiconductor as a matrix and 
dispersing the magnetic metal particles in the semicon- 
ductor matrix has a high resistivity, a large output volt- 
age can be advantageously obtained. Therefore, the 
magnetoresistance effect can be detected by a small 
current, and the magnetoresistance effect element can 
be advantageously applied to a magnetoresistance 
effect type magnetic head or a magnetic field sensor. 

The present invention will be described below with 
reference to embodiments. 

FIGS. 2A and 2B are views typically showing a 
magnetic body in a magnetoresistance effect element 
according to the present invention having a basic struc- 
ture obtained by dispersing magnetic metal particles in 
a semiconductor matrix. As shown in FIGS. 2A and 2B, 
the magnetoresistance effect element of the present 
invention has a magnetic body 3 obtained by dispersing 
magnetic metal particles 2 containing at least one mag- 
netic element selected from the group consisting of Fe, 
Co. and Ni in a semiconductor matrix 1 . Referring to 
FIG. 2A, a magnetic field H is at zero level, and spin 
directions 4 of the magnetic metal particles 2 are at ran- 
dom. Referring to FIG. 2B, the magnetic field H is larger 
than a saturated magnetic field H s , and the spin direc- 
tion 4 of the magnetic metal particles 2 are uniform. 
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As a semiconductor constituting the semiconductor 
matrix, a material having a small energy gap or a mate- 
rial having a large number of impurity levels are prefer- 
ably used, more specifically, a material having an 
effective energy gap of 1 eV or less is preferably used. 
That is, when the effective energy gap of the semicon- 
ductor exceeds 1 eV, the semiconductor tends to have 
insulating characteristics. However, when the value is 1 
eV or less, a tunnel current flows from the magnetic par- 
ticle to the semiconductor matrix is larger, and carriers 
can be thermally excited to a conduction band of the 
semiconductor at room temperature. For this reason, 
the conductance is larger and the magnetic coupling 
between the magnetic metal particles can be made 
more antiferromagnetic, and a high magnetoresistive 
change rate can be obtained at room temperature. The 
further preferable range of the effective energy gap of 
the semiconductor is 0.1 eV or less. 

The above-mentioned effective energy gap means 
an energy gap E g of an intrinsic semiconductor, and 
also means a difference AE d between an impurity level 
and the base of a conduction band in an impurity semi- 
conductor. 

In any case, as a semiconductor constituting the 
matrix, a semiconductor in which the large tunnel cur- 
rent flows and/or which can be thermally excited at 
room temperature and has a sufficiently high carrier 
density in a conduction band is preferably used. 

As such a semiconductor, an alloy or compound 
(crystal or amorphous) between a transition metal and 
Si or Ge, amorphous Si, amorphous Ge, an impurity 
semiconductor or the like can be used. The number of 
types of semiconductors constituting the matrix is not 
limited to one, the matrix may have a composite phase 
of two or more types of semiconductors. The impurity 
semiconductor may be of n-type or p-type, and its impu- 
rity concentration is preferably high in a certain degree 
and preferably falls within the range of about 10 20 - 1 o 21 
cm" 3 . In addition, as the semiconductor constituting the 
semiconductor matrix, not only a normal semiconductor 
but also a defective oxide or the like exhibiting a semi- 
conductor behavior, e.g., Al 2 0 3 or MgOx may be used. 

The magnetic metal particles contain at least one 
magnetic element selected from the group consisting of 
Fe, Co. and Ni. The magnetic metal particles may con- 
tain, in addition of the above single element, a Co-base 
alloy represented by CoFe, an Fe-base alloy repre- 
sented by Fe 8 N, and an Ni-base alloy represented by 
NiFe. In particular, as the magnetic metal particles, par- 
ticles containing at least two magnetic elements 
selected from the group consisting of Fe. Co, and Ni are 
preferably used. In this manner, when the magnetic 
metal particles containing at least two selected from Fe, 
Co, and Ni are used, a magnetoresistance effect at a 
small magnetic field is considerably larger than that of 
the magnetic metal particles containing one selected 
from Fe, Co, and Ni. 

The particle diameter of each magnetic metal parti- 
cle preferably falls within the range of 5 to 100 nm. 
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When the particle diameter falls within this range, the 
hysteresis of a magnetoresistance curve can be 
decreased because the magnetic metal particles have a 
single magnetic domain. However, when the particle 
diameter is smaller than 5 nm, the saturated magnetic 
field increases because the magnetic metal particles 
are in a range of ultra-fine particles. When the particle 
diameter exceeds 100 nm, the magnetoresistance 
effect considerably decreases. 

In order to further decrease the saturated magnetic 
field, the magnetic anisotropy in the magnetic metal par- 
ticles is preferably small. For this reason, magnetic 
metal particles are preferably formed of amorphous 
alloy. This is because the crystal magnetic anisotropy of 
an amorphous alloy is essentially zero. In addition, an 
amorphous alloy substantially having a magnetostric- 
tion of zero is preferably used because a magnetic ani- 
sotropy based on magnetoelasticity decreases. As the 
amorphous alloy substantially having a magnetostric- 
tion of zero, a material having a composition repre- 
sented by (Ni x Fe y Co z ) a X 100 . a (where x = 0 to 0.10. y = 
0.40 to 0.10, z = 0.90 to 0.94, x + y + z = 1 , a = 65 to 
90, and X is at least one selected from the group con- 
sisting of Nb, Zr, Hf, Si, B, C, and P) is known. 

Even if the magnetic metal particles are crystalline, 
when the magnetic metal particles have a magnetostric- 
tive constant X of 10" 5 or less which is close to zero, the 
saturated magnetic field can be decreased. As the 
material having a magnetostrictive constant X which 
close to zero, Co 9 oFe 10 , Ni 81 Fe 19 , Ni 66 Fe 16 Co 18 . and 
the like are known. 

The magnetic body obtained by dispersing mag- 
netic metal particles in such a semiconductor matrix 
typically has a thin-film shape, and can be manufac- 
tured by a normal thin film forming apparatus using a 35 
molecular beam epitaxy (MBE) method, various sputter- 
ing method, or a deposition method. The shape of the 
magnetic material is not limited to a thin-film shape. The 
magnetic body may be foil formed by super quenching 

or the like. 40 

The magnetoresistance effect element of the 
present invention may comprise the above single-layer 
magnetic body obtained by dispersing magnetic metal 
particles in such a semiconductor matrix. However, the 
magnetoresistance effect element is not limited to this, 45 
and the magnetoresistance effect element may com- 
prise a multilayered film constituted by at least one non- 
magnetic layer and at least one magnetic layer obtained 
by dispersing magnetic metal particles containing one 
magnetic material selected from the group consisting of so 
Fe, Co, and Ni in a semiconductor matrix, or a multilay- 
ered film constituted by at least one first magnetic layer 
obtained by dispersing magnetic metal particles, con- 
taining at least one magnetic element selected from the 
group consisting of Fe, Co. and Ni in a semiconductor 55 
matrix and at least one second magnetic layer contain- 
ing one magnetic element selected from the group con- 
sisting of Fe, Co, and Ni. According to such a 
multilayered film, the shape of the magnetic metal parti- 



cles dispersed in the semiconductor matrix can be con- 
trolled to make a magnetic anisotropy based on the 
shape anisotropy of the magnetic metal particles small. 
For this reason, the saturated magnetic field can be fur- 
5 ther decreased, and a larger magnetoresistance effect 
can be obtained. 

One of these multilayered films, for example, as 
shown in FIG. 3, has a structure in which a magnetic 
layer 13 obtained by dispersing magnetic metal parti- 
w dies 12 containing at least one magnetic element 
selected from the group consisting of Co, Fe. and Ni in 
a semiconductor matrix 1 1 , and non-magnetic layer 14 
are alternately stacked on each other. The other, as 
shown in FIG. 4. has a structure in which a first mag- 
15 netic layer 23 obtained by dispersing magnetic metal 
particles 22 containing one magnetic element selected 
from the group consisting of Co. Fe. and Ni in a semi- 
conductor matrix 21 . and a second magnetic layer 24 
formed of at least one element of Fe, Co, and Ni are 
20 alternately stacked on each other. 

Such a multilayered film may have a structure in 
which a plurality of magnetic layers 13 and a plurality of 
non-magnetic layers 14 are alternately stacked on each 
other or a structure in which a plurality of first magnetic 
25 layers 23 and a plurality of second magnetic layers 24 
are alternately stacked on each other. The multilayered 
film may have a structure in which the non-magnetic . 
layer 14 is interposed between a pair of magnetic layers 
13 or a structure in which the second magnetic layer 24 
30 is interposed between a pair of first magnetic layers 23. 
In addition, when it is considered only that the shape of 
the magnetic metal particles dispersed in the semicon- 
ductor matrix is controlled to decrease a magnetic ani- 
sotropy based on the shape anisotropy of the magnetic 
metal particles, the multilayered film may have a struc- 
ture in which the magnetic layer 13 is interposed 
between a pair of non-magnetic layers 1 4 or a structure 
in which the first magnetic layer 23 is interposed 
between a pair of second magnetic layers 24. When the 
structure in which these layers are alternately stacked 
on each other is used, the number of layers is not limited 
to a specific number. Furthermore, in any case, when 
the multilayered film constituted by a plurality of layers, 
these layers need not have the same composition and 
the equal thicknesses. 

In the multilayered film shown in FIG. 3, the thick- 
ness of the magnetic layer is preferably set to be 0.5 to 
20 nm, and the thickness of the non-magnetic layer is 
preferably set to be 1 to 10 nm. Although the material of 
the non-magnetic layer 1 4 interposed between the mag- 
netic layers 13 is not limited to a specific material, the 
non-magnetic layer 14 is preferably formed of a semi- 
conductor in consideration of the resistance of the non- 
magnetic layer. Such a semiconductor material is not 
limited to a specific semiconductor material. 

in the multilayered film shown in FIG. 3, the thick- 
ness of the first magnetic film is preferably set to be 0.5 
to 20 nm, and the thickness of the second magnetic 
layer is preferably used to be 2 to 30 nm. 
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These multilayered films typically have thin-film 
shapes, and can be formed by the above thin film form- 
ing technique. The multilayered films may be foil formed 
by super quenching or the like. In addition, although 
such a multilayered film may be formed by alternately 
forming a magnetic layer obtained by dispersing mag- 
netic metal particles in a semiconductor matrix and a 
non-magnetic layer or a magnetic layer, the multilayered 
film can also be formed such that a magnetic layer con- 
sisting of at least one of Co, Fe, and Ni and a non-mag- 
netic layer are alternately stacked on each other and 
then subjected to heat treatment to diffuse a semicon- 
ductor element in the magnetic layer. 

The magnetoresistance effect element according to 
the present invention may comprise a multilayered film 
constituted by a first magnetic layer obtained by dis- 
persing magnetic metal particles containing at least one 
of Fe, Co, and Ni in a semiconductor matrix and a sec- 
ond magnetic layer having magnetism softer than that of 
the first magnetic layer. In this manner, when the sec- 
ond magnetic layer having soft magnetism is used, a 
saturated magnetic field can be decreased while keep- 
ing a sufficiently high magnetoresistance ratio. 

To have soft magnetism means to easily reverse the 
direction of a magnetic moment. For example, the mag- 
netism is represented by the magnitude of a coercive 
force (He) in a ferromagnetic material. More specifically, 
as He is small, the magnetic layer can have soft mag- 
netism. In this case, to have magnetism softer than that 
of the first magnetic layer is to have a saturated mag- 
netic field (Hs) smaller than that of the first magnetic 
layer. In order to give such soft magnetism to the sec- 
ond magnetic layer, the second magnetic layer is prefer- 
ably formed of a material having soft magnetism which 
is formed of a transition metal such as Fe, Co, or Ni or 
an alloy containing a transition metal, more specifically, 
a soft magnetic material such as a permalloy, a super- 
malloy, or a sendust which is conventionally used. 

The thickness of the second magnetic layer having 
soft magnetism is preferably set to be about 0.5 to 100 
nm, more preferably, 1 to 20 nm. 

A multilayered film, for example, as shown in FIG. 5, 
is constituted by a first magnetic layer 33 obtained by 
dispersing magnetic metal particles 32 in a semicon- 
ductor matrix 31, and a second magnetic layer 34 hav- 
ing soft magnetism. The second magnetic layer 34 may 
be formed after the first magnetic layer 33 is formed on 
a substrate; otherwise, the first magnetic layer 33 may 
be formed after the second magnetic layer 34 is formed 
on a substrate. One first magnetic layer 33 or a plurality 
of first magnetic layers 33 may be used. For example, 
as shown in FIG. 6, the second magnetic layer 34 may 
be interposed between the two first magnetic layers 33. 
One second magnetic layer 34 or a plurality of second 
magnetic layers 34 may be used. For example, as 
shown in FIG. 7, the first magnetic layers 33 and the 
second magnetic layers 34 may be alternately stacked 
on each other. 



In such a magnetoresistance effect element, it is 
considered that a magnetic moment in the first magnetic 
layer 33 obtained by dispersing the magnetic metal par- 
ticles 32 is easily reversed by the interaction of the sec- 

5 ond magnetic layer 34 having soft magnetism and a 
magnetic moment which can be easily reversed. More 
specifically, it is considered that, since the magnetic 
moment can be inverted by a small magnetic field while 
keeping a high magnetoresistance ratio obtained by the 

10 first magnetic layer 33 itself, high sensitivity can be 
obtained. 

Note that such a multilayered film can be formed by 
using the thin film forming technique described above. 

In practical use of the magnetoresistance effect ele- 
is ment according to the present invention, it is necessary 
to provide electrodes, as shown in FIG. 10. In FIG. 10, a 
magnetoresistance effect element 40 according to the 
present invention is formed on a substrate 43. The ele- 
ment 40 is provided with a pair of electrode portions 41 . 
20 A pair of leads 42 are connected to the electrodes por- 
tions. It should be noted that the magnetoresistance 
element may be provided with an underlying layer or an 
overcoating layer which is formed of magnetic or non- 
magnetic material. 

25 

(Examples) 

Examples of a magnetic body in a magnetoresist- 
ance effect element according to the present invention 
30 having a basic structure obtained by dispersing mag- 
netic metal particles in a semiconductor matrix. 

Example 1 

35 By using Fe and Si as vapor sources, and by using 
a molecular beam epitaxy (MBE) method, Fe, Si, and Fe 
films were sequentially formed on a thermally oxidized 
Si substrate. At this time, the substrate temperature was 
set to be 1 00°C. In this case, a plurality of films in which 

40 the thickness of each Fe film was fixed to 4 nm and the 
thickness of the Si film was changed were formed. 

The structures of the resultant films were observed 
by using a transmission electron microscope. As a 
result, any film clearly exhibited no clear multilayered 

45 structure, and each film had a so-called granular struc- 
ture in which Fe fine particles or ferromagnetic Fe-Si 
alloy fine particles each having a particle size of about 
10 to 20 nm were dispersed in an Si-rich matrix. 

When changes in electric resistance of these films 

50 as a function of temperature were measured, the resis- 
tivity at room temperature fell within the range of 180 
Q • cm to 280 Q. • cm depending on the thickness of the 
Si film, and the resistivity hear room temperature 
decreases with increasing temperature. For this reason, 

55 is was confirmed that each film had an electric resist- 
ance higher than that of a conventional granular film 
using a metal matrix by one or more order and that the 
matrix was a semiconductor. As an example, FIG. 8 
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shows a change in resistivity as a function of tempera- 
ture when the Si layer has a thickness of 2 nm. 

The matrix phase of the film having a 2 nm Si layer 
was identified by using an electron diffraction. As a 
result, it was confirmed that a non-magnetic semicon- 
ductor FeSi alloy was a main phase and that the film 
contained a small amount of amorphous Si. 

Subsequently, the magnetoresistance effect of this 
film was measured by using a DC four-point method. 
The obtained magnetoresistance effect curve is shown 
in FIG. 9. As is apparent from FIG. 9, a magnetoresist- 
ance ratio was 3%, and a saturated magnetic field was 
0.03 T (= 0.3 kOe). The value of the saturated magnetic 
field is smaller than that of a conventional granular mag- 
netic film using a non-magnetic metal matrix by two or 
more orders. 

Example 2 

By using Co and Si as vapor sources, and by using 
an MBE method, Co, Si, and Co films were sequentially 
formed on a thermally oxidized Si substrate. At this time, 
the substrate temperature was set to be 100°C. In this 
case, a plurality of films in which the thickness of each 
Co film was fixed to 4 nm and the thickness of the Si f ilm 
was changed were formed. 

The structures of the resultant films were observed 
by using a transmission electron microscope. As a 
result, any film clearly exhibited no clear multilayered 
structure, and each film had a so-called granular struc- 
ture in which Co fine particles or ferromagnetic Co-Si 
alloy fine particles each haying a particle size of about 
10 to 20 nm were dispersed in an Si-rich matrix. 

The matrix phases of these films were identified by 
using an electron diffraction. As a result, it was con- 
firmed that each matrix phase was constituted by a non- 
magnetic CoSi alloy phase and an amorphous Si 
phase. 

Subsequently, the magnetoresistance effects of the 
films were measured by using a DC four-point method. 
When the thickness of the Si layer was 2 nm, a magne- 
toresistance ratio was 8%, and a saturated magnetic 
field was 0*01 T. The value of the saturated magnetic 
field is smaller than that of a conventional granular mag- 
netic film using a non-magnetic metal matrix by two or 
more digits. 

Example 3 



By using an Ni 80 Fe 20 a"oy and Si as vapor sources, 
and by using an MBE method, Ni 80 Fe 2 o alloy, Si, and 
NisoFeao alloy films were sequentially formed on a ther- 
mally oxidized Si substrate. At this time, the substrate 
temperature was set to be 100°C. In this case, a plural- 
ity of films in which the thickness of each Ni 8 oFe 20 alloy 
film was fixed to 5 nm and the thickness of the Si film 
was changed were formed. 

The structures of the resultant films were observed 
by using a transmission electron microscope. As a 



result, any film clearly exhibited no clear multilayered 
structure, and each film had a so-called granular struc- 
ture in which NisoFeao alloy fine particles or Ni 80 Fe 2 o-Si 
alloy ferromagnetic fine particles each having a particle 
5 size of about 10 to 20 nm were dispersed in an Si-rich 
matrix. 

The matrix phases of these films were identified by 
using an electron diffraction. As a result, it was con- 
firmed that each matrix phase was constituted by a non- 
w magnetic NiFeSi alloy phase and an amorphous Si 
phase. 

Subsequently, the magnetoresistance effects of the 
films were measured by using a DC four-point method. 
When the thickness of the Si layer was 2 nm, a magne- 
75 toresistance ratio was 4%, and a magnetostrictive con- 
stant X of the ferromagnetic fine particles was a 10" 6 
order, i.e., almost zero. For this reason, a saturated 
magnetic field was especially small, i.e., 0.01 T. The 
value of the saturated magnetic field is smaller than that 
20 of a conventional granular magnetic film using a non- 
magnetic metal matrix by two or more orders. 



Claims 

25 1. A magnetoresistance effect element comprising a 
magnetic body (3) in which magnetic metal parti- 
cles (2) containing at least one magnetic element 
selected from the group consisting of Fe, Co, and Ni 
are dispersed in a semiconductor matrix (1). 



30 



2. The magnetoresistance effect element according to 
claim 1 , characterized in that the magnetic metal 
particles (2) contain at least two magnetic elements 

selected from the group consisting of Fe, Co, and 

35 Ni. 

3. The magnetoresistance effect element according to 
claim 1, characterized in that each of the magnetic 
metal particles (2) has a particle diameter falling 

40 within the range of about 5 to about 100 nm. 

4. The magnetoresistance effect element according to 
claim 1 , characterized in that the magnetic metal 
particles (2) substantially have a magnetostriction 

45 of zero. 

5. The magnetoresistance effect element according to 
claim 1 , characterized in that the semiconductor 
matrix (1) has an effective energy gap of not more 

so than about 1 eV. 

6. The magnetoresistance effect element according to 
claim 5, characterized in that the semiconductor 
matrix (1) has an effective energy gap of not more 

55 than about 0.1 eV. 

7. A magnetoresistance effect element comprising a 
multilayered film having at least one magnetic layer 
(1 3) in which magnetic metal particles (12) contain- 



BNSDOCID: <EP 0724303A2J_> 



13 



EP 0 724 303 A2 



14 



8. 



9. 
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mg at least one magnetic element selected from the 
group consisting of Fe, Co, and Ni are dispersed in 
a semiconductor matrix (11), and at least one non- 
magnetic layer (14). 

The magnetoresistance effect element according to 
claim 7, characterized in that the magnetic metal 
particles (12) contain at least two magnetic ele- 
ments selected from the group consisting of Fe Co 
andNi. 

The magnetoresistance effect element according to 
claim 7, characterized in that each of the magnetic 
metal particles (12) has a particle diameter falling 
within the range of about 5 to about 100 nm. 

1 0. The magnetoresistance effect element according to 
claim 7, characterized in that the magnetic metal 
particles (12) substantially have a magnetostriction 
of zero. 

11. The magnetoresistance effect element according to 
claim 7, characterized in that the semiconductor 
matrix (1 1) has an effective energy gap of not more 
than about 1 eV. 

12. The magnetoresistance effect element according to 
claim 1 1 , characterized in that the semiconductor 
matrix (1 1) has an effective energy gap of not more 
than about 0.1 eV. 

13. The magnetoresistance effect element according to 
claim 7, characterized in that said non-magnetic 
layer contains a semiconductor. 

14. A magnetoresistance effect element comprising a 
multilayered film having at least one first magnetic 
layer (23) in which magnetic metal particles (22) 
containing at least one magnetic element selected 
from the group consisting of Fe, Co, and Ni are dis- 40 
persed in a semiconductor matrix (21), and at least 
one second magnetic layer (24) containing at least 
one magnetic element selected from the group con- 
sisting of Fe, Co, and Ni. 
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particles (22) substantially have a magnetostriction 
of zero. 

18. The magnetoresistance effect element according to 
claim 14, characterized in that the semiconductor 
matrix (21) has an effective energy gap of not more 
than about 1 eV. 

19. The magnetoresistance effect element according to 
claim 18, characterized in that the semiconductor 
matrix (21) has an effective energy gap of not more 
than about 0.1 eV. 

20. A magnetoresistance effect element comprising a 
multilayered film having a first magnetic layer (33) in 
which magnetic metal particles (32) containing at 
least one selected from the group consisting of Fe, 
Co, and Ni are dispersed in a semiconductor matrix 
(31), and a second magnetic layer (34) having mag- 
netism softer than that of said first magnetic layer. 
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1 5. The magnetoresistance effect element according to 
claim 14, characterized in that the magnetic metal 
particles (22) contain at least two magnetic ele- 
ments selected from the group consisting of Fe Co 
and Ni. 

1 6. The magnetoresistance effect element according to 
claim 14, characterized in that each of the magnetic 
metal particles (22) has a particle diameter falling 
within the range of about 5 to about 100 nm. 

1 7. The magnetoresistance effect element according to 
claim 14, characterized in that the magnetic metal 
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